We present 6-inch n-type Cz-Si metal wrap through (MWT) solar cells with screen-printed and fired contacts achieving energy conversion efficiencies of 20%. In order to decrease the occurrence of leakage currents under forward operation to a minimum after applying reverse bias load, the structuring of the rear side phosphorus doping in the area of the external p-type contacts is necessary. The fabrication of these so-called n-type high-performance MWT+ (n-HIP-MWT+) solar cells is considerably simplified by using laser processes to locally structure the rear side phosphorus doping. The n-HIP-MWT+ cells fabricated with laser structuring achieve the same peak energy conversion efficiency of 20% as conventionally fabricated ones, which are manufactured using an elaborate inkjet-based masking process prior to phosphorus diffusion. The loss of cell efficiency after reverse biasing is decreased to -0.1% abs independent of the structuring method, and is three times smaller than the one observed for cells without structuring of the phosphorus doping.
Introduction
In 2014, we introduced the two n-type Czochralski-grown silicon (Cz-Si) high-performance metal wrap through (n-HIP-MWT) cell structures shown in Fig. 1 [1] . So far, we achieved peak energy conversion efficiencies up to = 19.7% on n-type Cz-Si wafers with 156 mm edge length [2] . The structured rear side configuration of the back surface field (BSF) in the n-HIP-MWT+ cell structure ( Fig. 1(b) ) without phosphorus doping underneath the external p-type contacts ensures that no significant increase in leakage current occurs in these areas after reverse bias load is applied [1] . Application of a single reverse bias load for the n-HIP-MWT cells is shown to already lead to significantly increased leakage currents which cause conversion efficiency losses of up to -0.3% abs [1] . However, the state of the art approach we used for structuring the BSF requires elaborate processing steps, as it is based on the structuring of diffusion barrier layers prior to phosphorus diffusion by means of inkjet-printing a masking resist and wet-chemical etching. Hence, this structuring method is not relevant when it comes to industrial mass production. The importance of contact separation in the area of the external p-type contacts for n-type MWT solar cells is also emphasized in other works; see e.g. Refs. [3] [4] [5] [6] .
In this work, the feasibility of applying laser processes for structuring the BSF is demonstrated. This approach reduces the number of additional processing steps needed for fabrication of n-HIP-MWT+ cells to only one (in comparison with the n-HIP-MWT cell structure). More specifically, the novel approach is based on the BSF structuring by laser irradiation subsequent to phosphorus diffusion. The basic idea is to significantly reduce the surface phosphorus dopant concentration of the BSF in the area of the external p-type contacts, which results in lower electrical conductivity between the metal contacts and the silicon base [7] . For this purpose, two different laser processes are examined, which are referred to as "laser drive-in" and "laser ablation" in this paper. With the laser drive-in process, the phosphorus dopants are redistributed within the silicon base subsequent to phosphorus diffusion. With the laser ablation process, highly phosphorus-doped silicon layers are ablated at the surface.
Approach
Four different groups of n-type Cz-Si MWT solar cells are fabricated according to the process sequence depicted in Fig. 2 . The used pseudo-square n-type Cz-Si wafers feature an edge length of 156 mm, a diameter of 200 mm, an initial thickness of 200 μm, and a base resistivity of about 3.5 cm.
Following alkaline texture, the doped surfaces are formed by sequential atmospheric pressure tube furnace diffusion processes with, first, boron tribromide (BBr 3 ) and, second, phosphorus oxychloride (POCl 3 ) as liquid dopant sources. The surfaces not to be doped during the respective diffusion processes are masked with a diffusion barrier layer stack consisting of SiO x /SiN x applied by plasma-enhanced chemical vapor deposition (PECVD). Following each diffusion process, the diffusion barrier layer stack as well as the borosilicate glass (BSG) or phosphosilicate glass (PSG) layers are removed in hydrofluoric acid. For the n-HIP-MWT+ cell structure, three different techniques are applied to structure the rear side BSF. Apart from inkjet-based structuring of the diffusion barrier layer prior to POCl 3 diffusion (i.e. inkjet-printing of masking resist and wet-chemical etching of the exposed barrier layer), laser drive-in and laser ablation processes subsequent to POCl 3 diffusion and etching of the phosphosilicate glass (PSG) are performed. The laser used for the laser drive-in process is a "Jenoptik IR50" solid state disc laser with wavelength = 1030 nm, and repetition rate f = 20 kHz. For the laser ablation process, a "Lumera Super Rapid" laser with = 532 nm, pulse width = 10 ps, and f = 100 kHz is applied. The n-HIP-MWT cells without BSF structuring serve as reference. The phosphorus doping profiles of the BSFs, measured by the electrochemical capacitance-voltage (ECV) technique [8] , are illustrated in Fig. 3 . Due to laser induced (liquid phase) diffusion processes [9] , the laser drive-in process redistributes the dopant deeper into the silicon wafer and the surface phosphorus dopant concentration N surf is lowered by two orders of magnitude from initially N surf 1.5 10 20 cm -3 to N surf 2.9 10 18 cm -3
. The initially alkaline textured surface is locally leveled; see Fig. 4(a) . For laser ablation, the highly phosphorus-doped surface layer is locally ablated [10] . Due to the rough surface caused by the laser ablation (Fig. 4(b) ), reliable ECV measurements after laser ablation are not possible. After additionally smoothing the surface with the laser drive-in process-which leads to a comparable surface topography as shown in Fig. 4(a) -the resulting doping profile is as given in Fig. 3 . The dopant concentrations N 10 18 cm -3 remain higher as the base doping concentration N base 1.3·10 15 cm -3 , which means that the laser ablation process has not ablated the entire highly phosphorus-doped layer. As N is significantly lower for the combined process compared with single laser drive-in, it indicates that a significant amount of the silicon surface has been ablated. However, it is not possible to precisely extract to which depth or likewise to which N surf the silicon surface has been removed by the laser ablation process solely. As predicted, both laser structuring approaches allow for a significant decrease in N surf . Recall that Fig. 3 does not show the doping profile of the n-HIP-MWT+ cells with laser ablation.
Results and discussion

Current-voltage data for initial cell testing in forward direction only
The initial current-voltage (I-V) measurements (only forward bias) on a reflecting chuck (covered with white foil, electrically non-conductive) revealed maximum = 20.0% for the n-HIP-MWT+ solar cells irrespective of the BSF structuring method; see Table 1 . No significant differences are apparent for the other I-V data: open-circuit voltage V OC , short-circuit current density j SC , fill factor FF, pseudo fill factor pFF, shunt resistance R P , and series resistance R S . Hence, the applied laser processes have no measurable negative impact on the cell performance. The comparison of the n-HIP-MWT+ cells with the most efficient n-HIP-MWT cell ( = 20.1%) shows also no significant difference between these two basic MWT cell structures for the not yet reverse-loaded cells. Hence, without being reverse- biased, both the n-HIP-MWT+ and the n-HIP-MWT cell structures feature virtually equal conversion efficiency potentials.
Impact of reverse biasing on cell efficiency
The impact of reverse bias load on the forward I-V characteristics is examined by reverse biasing one MWT cell per group 20 times in total with respective forward I-V measurements in between. The differences from the initial measurements without prior reverse bias load are summarized in Table 2 . Irrespective of the structuring method applied, the n-HIP-MWT+ cells show an efficiency loss of only -0.1% abs after the 20th reverse bias load. In contrast, the n-HIP-MWT cell is more impacted by reverse stress as decreases by -0.3% abs . Note that most of the losses occur already after the first reverse bias load; further reverse biasing has only little further impact on the cell performances. The observed losses originate from decreased pFF values, which translates into lower FFs. Also, the decrease in R P -which indicates the increase in linear (ohmic) leakage currents-is evident. Application of the twodiode model reveals that the dominating loss mechanism in pFF for the n-HIP-MWT cell is an increase in the dark saturation current density j 02 of the second diode (ohmic leakage currents contribute less than 0.1% abs to the pFF loss). The higher j 02 originates mainly from increased nonlinear leakage currents occurring at the external p-type contacts.
These results show that the n-HIP-MWT+ solar cells, independent of the structuring method, are less affected by reverse bias stress as the n-HIP-MWT cells. This demonstrates the possibility for a significant simplification of the fabrication process for n-HIP-MWT+ solar cells by integrating a laser structuring process for the phosphorus-doped BSF subsequent to phosphorus diffusion. This approach is also compatible with other methods to form the highly doped surfaces, as e.g. co-diffusion [11, 12] or ion implantation.
For more information about the I-V characteristics in reverse operation for a selection of solar cells discussed in this paper, refer to Ref. [6] . Therein, it is e.g. shown that the strength of the local current flow for negative voltages in the area of the external p-type contacts can be adjusted by the surface phosphorus dopant concentration of the silicon base below these contacts. Table 2 . Values for absolute losses in , FF, and pFF in relation to the initial measurements performed without prior reverse bias for one cell per group (RP is given in absolute numbers). The losses in VOC are very small (| VOC| < 0.3%rel) and are therefore not shown, as well as the jSC values which are constant throughout. 
Summary
Four different n-type Cz-Si metal wrap through (MWT) solar cell structures are investigated, differing in the configuration of the rear external p-type contacts. For the so-called n-HIP-MWT cell structure, the phosphorusdoped back surface field (BSF) is present on the entire rear side, while for the three examined n-HIP-MWT+ cell structures, the BSF is locally structured at the external p-type contacts. The structuring is either performed by means of the presence of structured diffusion barrier layers during phosphorus diffusion (inkjet-printed masking resist and wet-chemical etching of the exposed barrier layer) or by laser irradiation of the highly phosphorus-doped surfaces subsequent to phosphorus diffusion. For the former approach, no BSF is present below the p-type contacts, while for the latter, the surface dopant concentration of the BSF is locally reduced by two orders of magnitude.
For all four examined MWT cell structures, peak energy conversion efficiencies of 20% are measured for the first forward current-voltage testing on n-type Cz-Si wafers with 156 mm edge length. It is shown that the fabrication of n-HIP-MWT+ cells can be significantly simplified by using laser structuring of the BSF in comparison with an elaborate inkjet-based masking process prior to phosphorus diffusion.
The loss in conversion efficiency for the n-HIP-MWT+ solar cells due to reverse bias stress is determined to only be -0.1% abs , irrespective of the structuring method applied. This loss is three times smaller than that observed for the n-HIP-MWT structure with full-area BSF, which amounts to -0.3% abs .
